Electrochemical etching of titanium alloy in a fluoride-containing electrolyte results in ordered nanotextured surfaces. The reproducibility of nanotextured surfaces depends on several process parameters, most notably the fluoride ion concentration in the electrolyte. In the present work, electrochemical etching of Ti6Al4V alloy foils in ethylene glycol containing 0.66 wt% NH 4 F and 2% deionized water was carried out at 60 V for 45 minutes. This paper describes the depletion of fluoride ion concentration and contamination of electrolyte upon reuse. Inductively coupled plasma-optical emission spectroscopy was used to measure the dissolution of metal oxides in the electrolyte during etching. We found increasing concentration of the alloy elements Ti, Al, V contaminated the electrolyte due to repeated reuse of the electrolyte. The results show an appreciable log-linear depletion of fluoride ion concentration resulting in a changed surface morphology, chemical composition and etched volume. This paper provides an important insight to changes in surface morphology and surface chemistry with extended reuse of the etching electrolyte, useful for regulatory approvals.
Introduction
Titania nanotubes on orthopedic implants are of scientific interest due to their biocompatibility. Ordered nanotextured titanium surfaces have been an attractive approach as a material for applications in the biomedical field [1] . One of the challenges is to improve bone bonding because of the lack of porosity and in growth of apatite deposits in the pores at the bone-implant interface [2] . This results in loosening of the implant due to a lack of osseointegration, or osteolysis, which calls for modifications in implant surface. TiO 2 nanotubes can increase bone-like apatite formation, cell proliferation and osseointegration [3] . TiO 2 tubes can be fabricated on the surface of titanium implants using an electrochemical anodization technique. Ordered nanotubular titania structures can be fabricated in the presence of fluoride ions in an electrolyte using appropriate anodization parameters [4] . The controlled morphology and thickness of porous TiO 2 nanotextured films can be achieved by controlling the anodization parameters [5] . Fabrication of TiO 2 nanotubes during electrochemical anodization is a result of the formation of an anodic oxide layer followed by field-assisted chemical dissolution [6] . Fabricated nanotubes show compositional and morphological variations as a result of variations in process parameters, including anodization voltage, time, and fluoride concentration. The fluoride ion concentration in the electrolyte is one of the important parameters to achieve repeatability of the etched surface. Fluoride concentration in the electrolyte is reported to be the most influential factor for titania nano- [8] . Thus a competition between metal oxide formation and chemical dissolution continues leading to the formation of nanotubes. This sequence of reactions needs to be controlled to repeatedly fabricate highly-ordered nanotubular morphology. Knowing that the chemistry of the process changes with repeated use of the electrolyte, a better understanding of the manufacturing process is the focus of this work.
Many studies have addressed the growth mechanism and morphologies of TiO 2 nano-tubular structures. However, less attention has been paid to the morphological changes upon extensive reuse of the electrolyte, which is critical in a manufacturing scenario.
Materials and Methods

Substrate Preparation
Foils of Ti6Al4V alpha/beta titanium alloy of ASTM B 265-11 grade 5 (TIMET, USA) and 0.5 mm thick, were mechanically polished using #150 grit fine crocus cloth and #800 grit ultra-fine sanding cloth. After cleaning in deionized (DI) water followed by acetone, the samples were dried in air at room temperature. Coupons 75 mm × 10 mm × 0.5 mm thick were cut from the foils to etch 1500 mm 2 on each sample, including both sides.
Fabricating Nanotubular and Nanoporous Structures
The nano-structures were etched by electrochemical anodization of Ti6Al4V alloy using a DC power source (Protek 3006B), with direct current (DC) output 0 -60 V, 1.5
Amp. Electrolyte containing 98% ethylene glycol, 2% DI water and 0.66 wt % of NH 4 F was used for etching. The surfaces were electrochemically anodized at room temperature and 60 V for 45 minutes with a graphite rod as the cathode and the titanium alloy foil as the anode.
Morphological and Compositional Characterization
Characterization of the anodized surfaces was done using field emission scanning electron microscopy (FE-SEM, Hitachi S-4700). The chemical composition of the TiNT surfaces used energy dispersive spectroscopy (EDS) with standardless quantitative analysis on the FESEM at 10 kV. Topographical analysis of the surface texture was conducted using white light interferometric microscopy with nanometer vertical resolution and submicron lateral resolution to measure the volume of the alloy removed upon etching. Before the measurements, 1× and 10× NaF standard solutions in 50 ml DI H 2 O + 50 ml TISAB I were prepared. These standard solutions were used before starting the experiment for a slope check of the ISE to ensure performance within calibration limits.
Measurement of Fluoride-Ion Concentration
Additionally, standard solutions using 1, 10, 100, 1000 and 5000 ppm concentrations of NaF (with TISAB I) and NH 4 F (with TISAB I and w/o TISAB I) were used to prepare calibration plots. One calibration plot was prepared using NaF + TISAB I + DI water as the fluoride standard solution. The other two calibration plots were prepared using standard solutions of NH 4 F + DI water + Ethylene glycol (with TISAB I and w/o TISABI). While preparing the NH 4 F standard solutions, it was ensured that the molarity of F-ions was between 10 −1 and 10 −5 and the pH was between 5 and 9 to avoid interference of hydroxide ions on electrode response. TISAB I was added to avoid hydroxide interferences or the formation of hydrogen complexes of fluoride and thus to maintain pH of standard solution and the 1 ml electrolyte samples.
ICP-OES Trace Metal Analysis
An inductively coupled plasma-optical emission spectrometer (Perkin Elmer, Optima 7000 DV, USA) was used with 1400 Watts RF power to measure Ti, Al, and V trace 
Results and Discussion
Morphological Analysis
A distinct fluoride rich layer exists between the tube-walls at the triple point of ordered TiO 2 nanotubes etched in the electrolyte [10] . The morphological transition from pores to tubes as a result of increased fluoride concentration occurs due to chemical solubility of the triple point cell boundaries where a fluoride rich layer accumulates [11] . The transition from pores to tubes is due to high chemical dissolution occurring in the fluoride rich layer [6] . The fluoride rich boundaries get suppressed in viscous electrolytes which results in formation of nano-pores instead of tubes [9] . Thus the process of morphology transition from pores to tubes is favoured by the fluoride rich layer formed between the nanotube cell boundaries. tubes have smooth walls and are well-ordered. In Figure 2 , the morphological variation obtained with reused electrolyte in the form of a porous-film on the top of surface aggregation is shown after 22 anodizations on 22 different coupons. Thus, a change in morphology of the surface aggregate occurred, but no significant difference in the tubular morphology underneath was observed with fresh or reused electrolyte. This implies that after anodizing the 22 coupons, there is still enough fluorine in the electrolyte to produce ordered tubular morphology and the minimum concentration of fluoride is not reached which may affect the etched tubular structures underneath.
Depletion of Fluoride Concentration vs Cumulative Area Etched
The fluoride concentration in the electrolyte is an important parameter for controlled electrochemical anodization. A higher fluoride concentration creates higher current densities during anodization [12] . A total of 36,000 mm 2 was etched by anodizing 24 coupons each with 1500 mm 2 area on each sample. . It is evident from these measurements and SEM images that a fluoride concentration control strategy must be advanced. Our results showed a log-linear depletion of F-concentration as a function of area anodized which can be used to effectively adjust the fluorine by periodic addition to the electrolyte. If the F-concentration in the electrolyte reduces below 0.3 wt% of NH 4 F, it can affect the resulting morphology. Figure 3(b) summarizes the log-linear relation corresponding to the cumulative etched area upon reuse of the electrolyte. As this technology moves toward integration with current implants, it is required to understand and control the manufacturing process to ensure reproducible results on a large scale and with different sizes of implants based only on the implant surface area.
Effect on Current Transients
TiNT formation is a reflection of current-time transient analysis [6] . The current-time profile during anodization reflects film growth leading to the corresponding morpholo- gies [13] . Variation in current densities affects the etching rate which also causes variation in tube diameters [14] . The higher diffusibility and concentration of ions in aqueous electrolytes gives much higher current densities compared to organic electrolytes [15] . The oxidation of titanium and chemical dissolution creates changes in the electrolyte chemistry. At the start of anodization, when the potential is applied, the initial anodic current reached maximum. This initiated the formation of oxide on the metal foil anode. Then, the current quickly dropped showing formation of the oxide layer. During stage II, the resistance of the anodic film decreased and the current density increased demonstrating the pore nucleation due to selective dissolution of oxide by fluoride species. This local breakdown of an initially formed oxide layer caused eventual development of tiny pits and pores in the compact oxide film. This facilitated ion transport causing a slight increase in anodic current [13] . The continued deepening of pores causes the inter-pore sites to become high surface energy regions which attracts more F -ions leading to faster dissolution of oxides there [16] . Finally at stage III, a slowly decreasing current value was attained over the entire anodization time demonstrating steady state formation of nanostructures by field-assisted oxidation and dissolution of metal oxides into the electrolyte. The slight step in sample 2 near 1200 seconds is an artifact of the etching experiment and may have been due to a slight movement of the cathode causing a temporary change in etching rate. This was not seen in any other experiments. Higher fluoride concentration in the electrolyte creates higher current densities during anodization [12] . Our results show that, the first current peak was observed in approximately the same position for all fluoride concentrations. Just after the first peak, decreased current shown by a distinct second peak demonstrated morphological changes. Thus decreased current densities are the result of depleted fluoride in the electrolyte upon reuse. The formation of fluoride complexes at cell boundaries is an essential condition for higher chemical dissolution of metals to achieve tubular morphology. Hence suppressed dissolution of F-rich layer resulted in morphological variation. Figure 5 shows the etched volume of the anodized surfaces using white light interfere- ometric microscopy to evaluate volume removed upon etching with respect to cumulative etching time. It was observed that anodization roughens the surfaces. The volume removed during anodization was calculated from the difference between baseline volume of an un-etched area and the final volume of the etched area. The decrease in volume removed during the same anodization duration can be attributed to the depleted fluorine. The variation of the surface topographies due to depleted fluorine is tabulated in Table 1 .
Effect on Macroscale Volume Removal
Electrolyte Contamination Due to Metals Dissolution
The higher electric field intensity during the initial stage of anodization leads to larger oxide breakdown sites resulting in larger diameter nanotubes. The dissolution rate of oxide formation is affected by the pH of the electrolyte [17] . More acidic pH linearly increases the dissolution rate [18] . Figure 6 (a) and Figure 6 (b) shows ICP-OES measurements of the dissolved titanium, aluminum, and vanadium in the electrolyte. Our results show that reuse of the electrolyte led to a linear increase in metals as would be expected. This analysis provides guidelines for the control of the electrolyte chemistry, for both remaining fluorine and metals contamination, to ensure repeatable results when the electrolyte is reused instead of disposed of reducing environmental impact for large scale manufacturing. In Figure 4 , the current amplitude of sample 2 represents new electrolyte with a higher level of fluorine and fewer non-conductive metal oxide particles distributed in the electrolyte. As cumulative etching progresses, the current decreases in an asymptotic fashion which follows the similar fluorine depletion shown in Figure 3(a) . Additionally, the introduction into the electrolyte of the etched oxides of titanium, aluminum, and vanadium shown in Figure 6 (a) and Figure 6 (b) reduces the electrical conductivity of the electrolyte further reducing etching current. These two combined effects cause the progressive etching current to reduce exponentially to an asymptotic condition similar to Figure 3(a) . This is the reason the current traces of samples 10 and 20 are similar and nearer in magnitude than sample 2.
The decreasing trend of the etching current over time for a particular sample is primarily due to the formation of the nanotubes that have a relatively high aspect ratio, depth to diameter. Fluorine is the element responsible for etching and as the nanotube is deepened, the local etch rate is diffusion-limited by the ability to introduce fluorine at the inside bottom of the nanotube. As the nanotube grows deeper, the fluorine concentration at the bottom reduces due to this diffusion-limited effect and the overall etch rate, and therefore etching current reduces. Thus besides F depletion, the other subsequent effects such as decrease in etching current occurred because of eventually dissolved metals contamination are also important.
EDS Analysis
Chemical compositional analysis of the anodized surfaces by EDS was also undertaken and typical results are shown in Table 2 . The structures were characterized to compare the effect of the fresh and reused electrolyte. The greatly increased oxygen content represents the formation of the stable oxide during anodization. The structures obtained using fresh electrolyte shows 35 wt% oxygen and 12 wt% residual fluorine, whereas the structure obtained using aged electrolyte shows 27 wt% oxygen and 9 wt% residual fluorine. The lower residual fluorine with the reused electrolyte reflects the depleted fluorine in the electrolyte. During anodization, the growth of nanotubes leads to the formation of hexafluorotitanate complex 2 6 TiF − by fluorine diffusion from electrolyte to titanium [4] . The presence of fluorine in the anodized surfaces is indicative of the diffused 2 6 TiF − during etching rather than free fluoride ions. The decreased fluorine wt% observed in nanotextured surfaces can be attributed to fewer 2 6 TiF − complexes formed.
Conclusions
The experimental results of reusing the electrolyte for many samples, rather than disposing the electrolyte after each use, lead to several important conclusions from a manufacturing perspective. First, the amount of fluorine removed from the electrolyte is accounted for by its presence in the anodized surface. This fluorine may be of benefit as the hydroxyapatite of bone contains fluorine. However, this effect is still to be determined from a biological perspective. From a manufacturing control perspective, the reduction of fluorine in the electrolyte available for repeatable anodization of nano- structures reduces in a log-linear fashion, in this case from an initial value of approximately 3000 ppm to approximately 300 ppm after 36,000 mm 2 was etched. Such a behaviour leads to a relatively easy prediction of the remaining fluorine concentration as a function of implant area etched, knowing the initial concentration. This strategy would replenish fluorine periodically depending on the total or incremental area of implants anodized. This control is important as we have shown that the volume of the implant removed varies as the electrolyte is reused, leading to a variable morphology progressing from distinct nanotubes to a more simple porous surface. By knowing a priori the area of each duplicate or different implant in a manufacturing process, the fluorine content in the electrolyte could be controlled.
The metal removed from the surface during anodization is accounted for in the electrolyte. Again, the presence of each alloying element in the electrolyte increases in a linear fashion. EDS has been conducted on the cathode used in the process and there are no metals present so the electrolyte represents all metal removed. With this wellbehaved increase in metals in the electrolyte, removal of those metal particles by batch centrifugation or continuous filtration, will provide for easy process control.
